Introduction {#s0001}
============

Uncontrolled proliferation, one of the hallmarks of cancer,[@cit0001] reflects failures in the machinery that controls cell cycle progression. This machinery relies on the interplay between gene expression, cytoskeletal reorganization and chromosomal rearrangement.[@cit0002] The order and interdependence of cell cycle events is determined by periodic transcription of genes that guarantee an accurate cell division.[@cit0004]

Potassium channels are involved in cell proliferation and cell cycle control.[@cit0005] Altered K^+^ channel expression contributes to pathological proliferation, and their overexpression has been associated with tumor growth.[@cit0006] Although different studies show that the expression and function of K^+^ channels vary along cell cycle, the mechanisms controlling ion channel expression during the cell cycle remain elusive. In proliferating cells, K^+^ permeability determines the periodic changes of the resting membrane potential associated with each of the phases of the cell cycle.[@cit0007] K^+^ channels also play a role in cell volume changes required for the completion of mitosis,[@cit0008] and might influence signal transduction elicited by cell cycle checkpoints through protein-protein interactions or phospholipid clustering that modulates mitogenic signaling.[@cit0009]

K~V~10.1 (*KCNH1*, Eag1) is one of the best-studied K^+^ channels in the context of aberrant proliferation. It is widely expressed in the human brain but practically undetectable in peripheral tissues. K~V~10.1 is frequently up-regulated in human cancers, where it contributes to tumor progression.[@cit0010] Transformed cells and tumors expressing K~V~10.1 appear to acquire selective advantages, such as increased migration[@cit0012] and tumor vascularization[@cit0013] that favor tumor progression. Although several studies implicate cell-cycle signaling cascades, the mechanisms triggering Kv10.1 up-regulation are still not understood. In serum-starved breast cancer MCF-7 cells, Kv10.1 expression is upregulated as cells are induced to enter into the cell cycle.[@cit0014] Viral oncoproteins HPV-E6 and HPV-E7 that respectively target p53 and the growth suppressor Retinoblastoma protein (pRb), trigger transcription of Kv10.1 mRNA in primary keratinocytes.[@cit0015] Interestingly, the promoter region of Kv10.1 contains an E2F1-responsive element.[@cit0016] Since E2F1 transcription factor is released upon inactivation of pRb and regulates gene expression during G1/S and G2/M transitions,[@cit0017] we hypothesized that Kv10.1 expression might be temporally regulated along the cell cycle by the pRb/E2F1 growth control pathway.

To test whether Kv10.1 expression is under the influence of the cell cycle through the pRb/E2F1 pathway, we abolished the binding of the E2F1 transcription factor to the promoter region of Kv10.1, reduced the pRb suppression on E2F1 through HPV-E7 overexpression, and examined the consequences in the Kv10.1 promoter activity as well as protein expression in thymidine synchronized HeLa cells. Our results demonstrate that E2F1 drives periodic Kv10.1 expression through direct binding to the promoter. E2F1 preferentially binds to Kv10.1 promoter toward G2/M, resulting in restricted expression of the channel during a short time window in G2/M in cancer cells, and interestingly also in normal proliferating cells. To elucidate whether the expression of Kv10.1 has an influence on cell cycle progression, we analyzed the cell cycle of Kv10.1-depleted HeLa cells and mouse embryonic fibroblasts (MEFs) from Kv10.1 knockout mice. Lack of Kv10.1 resulted in delayed progression through mitosis, as there was an increase in inhibition of Cdk1 and the reconstitution of pRb repression was delayed. These results indicate that regulation of Kv10.1 by the pRb/E2F1 pathway contributes to the accuracy of cell division.

Results {#s0002}
=======

Periodic expression of Kv10.1 along the cell cycle {#s0002-0001}
--------------------------------------------------

In order to elucidate whether Kv10.1 expression is associated to the cell cycle, we synchronized exponentially growing HeLa cells -- which endogenously express Kv10.1 -- to the G1/S border using a double thymidine block protocol. The cells were then allowed to progress into the cell cycle, and we assessed Kv10.1 expression levels along with other cell cycle-regulated genes every 4 h, from the G1/S transition to mitosis and entrance to the next cell cycle, as determined by studying the cell cycle distribution by flow cytometry ([Fig. 1](#f0001){ref-type="fig"}). Figure 1.Periodic expression of Kv10.1 along the cell cycle. A. HeLa cells were synchronized with a double thymidine block and released into fresh medium. Total cell lysates were prepared at the indicated time points and endogenous Kv10.1 was precipitated. Analysis by SDS-PAGE and Western blotting using anti-Kv10.1, anti-cyclin A2 and anti-Cyclin B1 showed that Kv10.1 expression changes along the cell cycle, with a peak expression between 8 and 12 h corresponding to G2/M. Calnexin and Actin were used as loading controls. B. Asynchronous HeLa cells were labeled with anti-Cyclin B1, anti- p-Histone H3 (Ser 28) and anti-Kv10.1. Cells in G2, as evidenced by cytoplasmic Cyclin B1 signal, as well as mitotic cells (nuclear Cyclin B1 and p-H3 Ser 28) showed Kv10.1 reactivity at the plasma membrane. C. Cyclin B1-positive cells were localized to the proliferative compartment, at the bottom and sides of the crypt. Kv10.1 positive cells were also found in the proliferative compartment of the colon crypt. White arrows indicate Kv10.1 and Cyclin B1 expressing cells. Scale bar 20 µm.

Expression of Cyclin A2 and Cyclin B1 increased gradually and both accumulated as expected when the majority of cells reached the G2/M phases 8 h after release from block. We observed a similar pattern in Kv10.1 expression, with the exception that it was maintained until the completion of mitosis and by the beginning of the next cycle at 12 h and fell thereafter ([Fig. 1A](#f0001){ref-type="fig"}). Expression of Kv10.1 during cell cycle progression was also validated by immunocytochemistry in asynchronous and exponentially growing HeLa cells. Kv10.1 staining was evident in the plasma membrane of cells entering G2 phase, distinguishable by cytoplasmic Cyclin B1 expression, as well as in mitotic cells, which show nuclear localization of Cyclin B1 and phosphorylation of Histone H3 ([Fig. 1B](#f0001){ref-type="fig"} and S1). Kv10.1 was also enriched at the cytoplasmic bridge of cells undergoing cytokinesis, and was still present in cells entering the new cell cycle in G1 phase, as determined by Cdt1 expression, which accumulates in G1[@cit0020] ([Fig. 2](#f0002){ref-type="fig"}). Together, these results indicate that expression of Kv10.1 is periodic during the cell cycle, peaks at G2/M and falls again as cells enter into the new cycle. Figure 2.Kv10.1 can be detected at the cytoplasmic bridge in cells undergoing cytokinesis, and it is also present on the cell surface of cells at G1 phase, as determined by Cdt1 expression. HeLa cells were labeled with anti- Cdt1 and anti-Kv10.1. Scale bar 20 µm.

Previous studies indicated that Kv10.1 expression is abundant in human brain, but failed to detect the channel in healthy non-neuronal tissue,[@cit0021] except in restricted cell populations, which correspond to terminal developmental stages of different cell lineages.[@cit0010]

Given that Kv10.1 expression is temporally correlated with expression of Cyclins A2 and B1, we hypothesized that Kv10.1 expression could also be found in healthy non-neuronal tissues, yet only in cells progressing through G2/M, which are very scarce in somatic tissues. Intestinal epithelium offers a convenient model to test this hypothesis, because stem cells located at the bottom of colonic crypts give rise to proliferating progenitor cells, which are spatially constrained to the lower third of the crypt, and later differentiate and migrate from the bottom of the crypt to the surface of the epithelium.[@cit0022] Immunohistochemical analysis on normal human colon paraffin sections using Kv10.1 and Cyclin B1 antibodies revealed localization of both signals to the deeper areas of the crypt. Kv10.1-positive cells in the proliferative compartment of the colonic crypt were also Cyclin B1-positive ([Fig. 1C](#f0001){ref-type="fig"}), indicating that Kv10.1 expression is also enriched during G2/M progression in non-transformed cells. Strongly positive cells outside the epithelium probably correspond to plasma cells, which typically stain strongly positive for Kv10.1.[@cit0010]

Kv10.1 expression in G2/M depends on pRb/E2F1 activity {#s0002-0002}
------------------------------------------------------

Apart from genes specific for G1/S, E2F1 also controls a substantial number of genes normally expressed at G2/M.[@cit0017] The promoter region of Kv10.1 contains an E2F1-responsive element,[@cit0016] suggesting a possible transcriptional regulation by E2F1 during cell cycle progression. To elucidate whether Kv10.1 is regulated during the cell cycle by E2F1, we used luciferase reporter assays. The core promoter of Kv10.1, a fragment spanning from positions −630 to +114 that contains the E2F1 responsive element ([Fig. 3A](#f0003){ref-type="fig"}), cloned into the pGL3 luciferase reporter vector was used to assess promoter activity in synchronized HeLa cells progressing through the cell cycle (this construct was a gift from Prof. Zhiguo Wang, and corresponds to the one reported in ref. [@cit0016]). Firefly luciferase activity under the control of the Kv10.1 promoter varied significantly with time and followed the same periodic pattern as endogenous Kv10.1 protein levels ([Fig. 3B](#f0003){ref-type="fig"}). As the cells passed through the G1/S border (0 h) and progressed through S phase (4 h), Kv10.1 promoter activity increased and reached a peak at the time of the G2/M transition (8 h). Then, activity levels declined gradually as the cells completed mitosis (12 h) and proceeded into the next cycle. Figure 3.Kv10.1 expression in G2/M depends on pRb/E2F1 activity. A. Schematic of human Kv10.1 promoter indicating E2F1 responsive element upstream of the transcription starting site (TSS). B. Luciferase activity driven by Kv10.1 promoter (black trace) showed a peak activity during G2/M transition (One-Way ANOVA, P \< 0.0001). Mutation of E2F1 responsive element (red trace) abolished promoter activity (Two-way ANOVA. Changes in expression levels with time after release P \< 0.0001, mutated vs. wild type Kv10.1 promoter P \< 0.0001). C. HPV-E7 overexpression increased Kv10.1 promoter activity (Two-way ANOVA. Changes in expression levels with time after release P \< 0.01, effect of HPV-E7 overexpression P \< 0.0001). D. Analysis by SDS-PAGE and Western blotting using anti-Kv10.1, anti-pRb and anti-E2F1 showed that Kv10.1 expression profile is delayed from E2F1 peak expression. E. E2F1 binding to endogenous Kv10.1 promoter (One-Way ANOVA, P \< 0.0001) and Cyclin A2 promoter (One-Way ANOVA, P \< 0.001) during G2/M transition (8 h). Cyclin A2, an E2F1 target gene regulated at the G2/M transition was used here as a positive control. Fold enrichment was calculated relative to GAPDH promoter signal. GAPDH is a non-E2F1 regulated gene. All experiments were performed at least 3 times.

To further demonstrate the direct regulation of Kv10.1 by E2F1, we abolished the E2F1 binding site in the core promoter region of Kv10.1 by performing base-substitution mutations.[@cit0016] Along all the cell cycle ([Fig. 3B](#f0003){ref-type="fig"}), luciferase activity driven by the mutant promoter was significantly reduced compared to the wild type (WT) Kv10.1 promoter.

The influence of E2F1 on Kv10.1 transcriptional activity was further confirmed by HPV-E7 overexpression ([Fig. 3C](#f0003){ref-type="fig"}). HPV-E7, which disrupts pRb suppression on E2F1,[@cit0026] is known to increase endogenous Kv10.1 expression.[@cit0015] HPV-E7 overexpression significantly increased luciferase activity driven by the Kv10.1 promoter. Overexpression of E2F1 as well as HPV-E7 in HeLa cells also enhanced Kv10.1 at the protein level (Fig. S2), indicating transcriptional control of Kv10.1 by the pRb/E2F1 pathway. Taken together, these results strongly suggest that E2F1 is directly responsible for the periodic expression of Kv10.1 along the cell cycle.

Interaction of E2F1 with the Kv10.1 promoter occurs during G2/M {#s0002-0003}
---------------------------------------------------------------

Periodic expression of E2F1 reaches a peak in G1/S, when the suppression by pRb is reduced. In contrast, Kv10.1 expression peak is shifted by several hours, reaching the maximum in G2/M ([Fig. 3D](#f0003){ref-type="fig"}). To validate whether E2F1 directly binds to the Kv10.1 promoter *in vivo*, we conducted ChIP experiments pulling down E2F1 in synchronized HeLa cells, and checked the presence of the endogenous Kv10.1 promoter region covering the predicted E2F1 binding site using qRT-PCR on the immunoprecipitated fraction. The Cyclin A2 promoter was used as a control because it is an E2F1-regulated gene normally transcribed during G2/M.[@cit0019]

We found that E2F1 interacts with both Kv10.1 and Cyclin A2 promoters in a cell-cycle dependent manner ([Fig. 3E](#f0003){ref-type="fig"}). As the cells passed through the G1/S border and S phase (0 h and 4 h respectively), binding of E2F1 to Kv10.1 and cyclin A2 promoters was less prominent. The interaction between E2F1 and the Kv10.1 promoter was significantly increased when the cells reached the G2/M transition. As expected, the interaction between E2F1 and the Cyclin A2 promoter was also significantly increased at that time. As soon as mitosis was completed and the cells re-entered the cell cycle (12 h), E2F1 binding to either Kv10.1 or Cyclin A2 promoters was dramatically diminished. A second, weaker peak of E2F1 binding was detected at later time points on both Kv10.1 (20 h) and Cyclin A2 promoters (16 and 20 h). This could be explained by imperfect synchronization resulting in a second wave of cells reaching G2/M at a later point, or because of the large expression levels of E2F1 between 16 h and 20 h.

Kv10.1 depletion interferes with cell cycle progression in HeLa cells {#s0002-0004}
---------------------------------------------------------------------

To determine whether the time-dependent expression of Kv10.1 in G2/M has an impact on the cell cycle, we performed siRNA knockdown of Kv10.1 in HeLa cells and analyzed the expression levels of Cyclin proteins essential for cell cycle progression ([Fig. 4A](#f0004){ref-type="fig"}). Cyclins A2 and B1, which are critical for G2/M transition, were more abundant after Kv10.1 depletion, while the expression of Cyclin D1 and Cyclin E1, expressed in G1 and S phase respectively, was not significantly altered. Figure 4.Kv10.1 depletion disrupts cell cycle progression in HeLa cells. A. Western blotting showed upregulated expression of Cyclins A2 and B1 upon Kv10.1 knockdown. Expression of Cyclins D1 and E1 was comparable between knockdown and control. B-D. HeLa cells transfected with siRNA control (black trace) and Kv10.1 siRNA (red trace) were synchronized with a double thymidine block and released into fresh medium. Cells were harvested at the indicated time points for FACS analysis of cell cycle profile. B. Percentage of cells in G0/G1 phase. C. Percentage of cells in S phase. D. Percentage of cells in G2/M phase. HeLa cells accumulated at G2/M upon Kv10.1 knockdown. All experiments were performed at least 3 times.

To further validate whether accumulation of Cyclins resulted from prolonged arrest in any phase of the cell cycle, we used synchronized cultures. HeLa cells transfected with siRNA against Kv10.1 were synchronized in G1/S by double thymidine block. After synchronization, cells were released into the cell cycle for 18 h ([Fig. 4](#f0004){ref-type="fig"}, S3). FACS analysis revealed that Kv10.1 depletion did not increase the fraction of cells in G1 and S phase ([Fig. 4B and C](#f0004){ref-type="fig"}). By contrast, the peak of cells progressing through G2/M was clearly broader in Kv10.1 siRNA transfected cells than in control cells ([Fig. 4D](#f0004){ref-type="fig"}), indicating that the cell population spends longer time in G2/M.

To understand whether this alteration in cell cycle progression results from premature entry in G2 or rather a delayed exit from mitosis, western blot analysis of major cell cycle regulatory proteins was performed in synchronized control and Kv10.1 siRNA-transfected cells. We monitored the periodic expression of Cyclin D1 and Cyclin E1, which form complexes with the corresponding CDKs in G1 and S phases to phosphorylate pRb, and also determined the overall phosphorylation of pRb protein, which induces the transition from G1 to S phase ([Fig. 5A](#f0005){ref-type="fig"}). Knockdown of Kv10.1 did not alter the time of accumulation of Cyclins D1 and E1 after release, indicating that Kv10.1 does not affect the entry and progression through G1 and S phases. In contrast, although the levels of phosphorylated pRb rose at the same time in control cells and Kv10.1-depleted cells, pRb remained in hyperphosphorylated state for longer time in cells lacking Kv10.1, suggesting that exit from mitosis is delayed in Kv10.1-depleted cells. Figure 5.Kv10.1 depletion alters the periodicity of key G2/M regulatory proteins. HeLa cells were synchronized with a double thymidine block and released into fresh medium. Total cell lysates from siRNA control and Kv10.1 siRNA-transfected cells were prepared at the indicated time points. A. Analysis by SDS-PAGE and Western blotting of Cyclin D1 and E1 did not show differences. Levels of phosphorylated pRb rose at the same time in siRNA control and Kv10.1 siRNA transfected cells. However, pRb remained in hyperphosphorylated state for longer time in cells lacking Kv10.1. Densitograms from the blots corresponding to pRb Ser 780, pRb Ser 795 and pRb Ser 807--811 are plotted in the lower part of the panel. B. Western blotting showed that degradation of Cyclin A2 and B1 was delayed in Kv10.1 knockdown cells, as well as the dephosphorylation of pCdk1 (Y15). All experiments were performed at least 3 times.

To further identify the molecular consequences of Kv10.1 depletion during G2/M progression, we monitored the degradation of Cyclin A2 and Cyclin B1, which occur during prometaphase and metaphase, respectively ([Fig. 5B](#f0005){ref-type="fig"}). In control HeLa cells, Cyclin A2 reached maximal accumulation 9 h after release from thymidine block, and decayed thereafter. Degradation of Cyclin A2 was notably delayed after Kv10.1 knockdown. The degradation of Cyclin B1 was also slightly delayed in Kv10.1 knockdown cells. Activation of Cyclin A2/Cdk1 and Cyclin B1/Cdk1, required for entrance and progression of G2/M, occurs through dephosphorylation of Cdk1 (Y15). In control HeLa cells, dephosphorylation of Cdk1 occurred between 10 and 12 h after thymidine block. In Kv10.1-knockdown cells, phosphorylated (inactive) Cdk1 persisted for at least 14 h after release. Together, these results confirm that disruption of the periodic expression of Kv10.1 in HeLa cells leads to a delayed G2/M progression.

Absence of Kv10.1 alters cell cycle progression in mouse embryonic fibroblasts {#s0002-0005}
------------------------------------------------------------------------------

To elucidate if the effect of Kv10.1 on the cell cycle progression of HeLa cells also happens in non-transformed cells, we used primary mouse embryonic fibroblasts (MEFs) from Kv10.1 knockout (KO MEFs)[@cit0029] and wild type (WT MEFs) mice. Like Kv10.1-depleted HeLa cells ([Fig. 4A](#f0004){ref-type="fig"}), non-synchronized KO MEFs showed increased G2/M cyclins (A2 and B1). However, Cyclin D1 expression was also up-regulated ([Fig. 6A](#f0006){ref-type="fig"}). Together, these results indicate that cell cycle progression is also altered in KO MEFs. Figure 6.Kv10.1 absence alters cell cycle progression in mouse embryonic fibroblasts. A. Western blotting showed upregulated expression of Cyclins D1, A2 and B1 in Kv10.1 knockout MEFs. Expression of Cyclin E1 was comparable between knockout and wild type. (B-D) Wild type MEFs (black trace) and knockout MEFs (red trace) were synchronized after 72 h of serum starvation and released into fresh medium. MEFs were harvested at the indicated time points for FACS analysis of cell cycle status. B. Percentage of cells in G0/G1 phase. C. Percentage of cells in S phase. D. Percentage of cells in G2/M phase. Knockout MEFs accumulated at G2/M. All experiments were performed at least 3 times.

To determine whether accumulation of Cyclins resulted from cell cycle arrest, MEFs were partially synchronized in G0/G1 by serum starvation for 72 h, and then allowed to progress through the cell cycle for 36 h. Cell cycle distributions at the given times are shown in Figure S4. At the moment of release, both WT and Knockout MEFs were preferentially at G0/G1 (68.9 ± 2.08 *vs*. 73.5 ± 10.11%). After serum re-introduction, WT as well as KO MEFs had completed G1 and progressed into S phase at 15 h ([Fig. 6 Band C](#f0006){ref-type="fig"}), distribution of cells progressing into S phase did not show major differences between WT and KO, indicating that G1/S transition is not affected in MEFs after Kv10.1 depletion. These results were confirmed at the molecular level ([Fig. 7A](#f0007){ref-type="fig"}), since both WT and KO MEFs expressed low levels of Cyclin D1 and E1 at time 0. After serum re-stimulation, accumulation of Cyclins D1 and E1 followed the same pattern in WT and KO MEFs, and the rise in pRb phosphorylation occurred between 15 and 18 h in both groups, indicating a normal G1/S transition. Figure 7.Kv10.1 absence alters the periodicity of key G2/M regulatory proteins. MEFs were synchronized after 72 h of serum starvation and released into fresh medium. Total cell lysates from wild type and Kv10.1 knockout MEFs were prepared at the indicated time points. A. Analysis by SDS-PAGE and Western blotting of Cyclin D1 and E1 did not show differences. Levels of phosphorylated pRb rose at the same time in wild type and Kv10.1 knockout MEFs. However, pRb remained in hyperphosphorylated state for longer time in cells lacking Kv10.1. Densitograms from the blots corresponding to pRb Ser 780, pRb Ser 795 and pRb Ser 807--811 are plotted in the lower part of the panel. B. Western blotting showed increased levels of the inhibitory phosphorylation (Y15) on Cdk1. All experiments were performed at least 3 times.

MEFs started to progress into G2/M at 21 h, as revealed by DNA content determination by FACS analysis ([Fig. 6D](#f0006){ref-type="fig"}), and also by the rise of the expression levels of Cyclins A2 and B1 ([Fig. 7B](#f0007){ref-type="fig"}). As observed in Kv10.1 depleted HeLa cells, KO MEFs also accumulated in G2/M ([Fig. 6D](#f0006){ref-type="fig"}). Consistent with prolonged mitosis, pRb remained for longer time in hyperphosphorylated state in KO MEFs ([Fig. 7A](#f0007){ref-type="fig"}). Although degradation of Cyclin A2 and B1 followed the same pattern in WT and KO, the levels of their catalytic partner Cdk1 were lower in KO MEFs ([Fig. 7B](#f0007){ref-type="fig"}), and there was also an increase in the levels of the inhibited form pCdk1 (Y15), which would result in an inhibition of mitosis, pointing again toward abnormal mitosis progression in Kv10.1 depleted cells, as determined for HeLa cells.

Discussion {#s0003}
==========

We report here that Kv10.1 expression is coupled to the cell cycle in both cancer and non-transformed cells. Kv10.1 transcription is directly regulated by the pRb/E2F1 pathway during G2/M, resulting in transient expression of Kv10.1 that contributes to progression through G2/M in HeLa cells and MEFs.

Although E2F1 is released from pRb repression in G1/S, the interaction with the Kv10.1 promoter occurs mainly toward G2/M ([Fig. 2](#f0002){ref-type="fig"}), a phenomenon also seen in the Cyclin A2 promoter, known to be an E2F1 target expressed during G2/M.[@cit0019] This observation suggests that additional components determine the time of E2F1 interaction with Kv10.1 promoter. Chromatin modifying proteins such as histone deacetylases and acetyl-transferases may play a role in the cell cycle-dependent expression of E2F1-responsive genes.[@cit0028] Consistently, high acetylation of histones in the Kv10.1 promoter is associated with upregulation of Kv10.1 in tumor-derived cells.[@cit0030] Thus, histone acetylation during G2/M could help to maintain the Kv10.1 promoter available for E2F1 binding.

Our observations can also explain why Kv10.1 is often upregulated in cancer cell lines and clinical tumor specimens (e.g. refs. [@cit0010]), because the pRb/E2F1 complex is disrupted in almost all cancer cells.[@cit0039] Kv10.1 expression has been reported in a broad variety of tumor types, most of which also show pRb loss of function.[@cit0010] Aberrant Kv10.1 expression could thus simply be due to the deregulation of upstream signaling cascades. Nevertheless, our results also show that Kv10.1 plays an active role in cell cycle progression in both cancer and non-transformed cells. In HeLa cells, Kv10.1 depletion leads to delayed G2/M progression, indicating that channel expression at the end of the cell cycle facilitates G2/M completion. A delayed end of G2/M also in MEFs is suggested by the longer presence of hyperphosphorylated pRb and increased levels of phosphorylated Cdk1 (Y15) in KO cells.

Cyclin D1 levels were unaltered in HeLa cells after knockdown of Kv10.1 ([Fig. 5A](#f0005){ref-type="fig"}), but increased in the KO MEFs with respect to wild type ([Fig. 6A](#f0006){ref-type="fig"}). This could be due to the expression of HPV proteins in HeLa cells, which maintain certain basal activity of E2F1 that could increase cyclin D1.[@cit0046] MEFs would have a lower constitutive basal activity, and this can explain a requirement of Kv10.1 also to progress through G1, as it was described for MCF7 breast cancer cells,[@cit0047] which are also HPV-negative.[@cit0048]

We also show that the tumor-specific expression of Kv10.1 (outside the CNS) is only apparent, and cells in normal tissue (at least in colon) also express the channel during a limited period of time. End-differentiated tissues show very low proliferation rates and therefore cells in G2/M are very scarce. Any method aiming to determine expression in whole normal tissues would therefore miss expression in such restricted population of cells, explaining why extra-cerebral tissues are negative for Kv10.1 expression. An increase in the proliferative fraction of cells, such as it occurs in tumors, would allow detection using tissue as starting material. Constitutive expression of Kv10.1 in the brain could in turn obey to the role of E2F1 in neurons, where it acts as a cell-cycle suppressor rather than as an activator.[@cit0049]

The intimate molecular mechanism of action of K^+^ channels in G2/M still remains elusive. In heterologous expression systems, activation of the mitosis-promoting factor induces changes in the electrophysiological properties of rat Kv10.1.[@cit0050] These changes might be a way to regulate the fluctuations in membrane potential along G2/M.[@cit0052] Furthermore, Kv10.2, the closest relative to Kv10.1, has been proposed to regulate the changes in cellular volume prior to mitosis via its action on intracellular osmolarity,[@cit0008] which may reflect another stage for dynamic regulation of G2/M progression due to K^+^ flow.

Besides ion permeation, protein-protein interactions might also determine the importance of Kv10.1 during G2/M. Kv10.1 has been reported to influence cell proliferation and tumorigenesis in the absence of K^+^ permeation.[@cit0013]

In conclusion, our results show that expression of Kv10.1 is linked to cell cycle progression as a downstream effector of the pRb/E2F1 pathway that facilitates G2/M progression in both healthy and tumor cells.

Materials and methods {#s0004}
=====================

Cell culture {#s0004-0001}
------------

HeLa cells (ACC 57) were cultured in RPMI 1640 (GIBCO/Invitrogen) medium supplemented with 10 % FCS (PAA) at 37°C in a 5 % CO~2~ incubator.

Wild type and Kv10.1 knockout embryos were dissected 13 d after detection of vaginal plugs in the pregnant females. The head and internal organs were removed and the carcasses were minced and digested in Trypsin-EDTA/DNase (Invitrogen) at 37°C for 25 min. The suspension was homogenized with a cannula and filtered with a cell strainer (Falcon). Then, cells were resuspended in DMEM supplemented with 10 % FCS. After centrifugation the supernatant was discarded and the Mouse Embryonic Fibroblasts (MEFs) were cultured on a 10 cm dish in 10 ml DMEM with 10 % FCS until confluence.

Cell cycle synchronization and FACS analysis {#s0004-0002}
--------------------------------------------

G0/G1 synchronization was performed as described in ref. ([@cit0054]): 2 × 10^6^ passage 1 MEFs were plated in a 15 cm dish containing DMEM with 10 % FCS for 2 d until confluence was reached. The cells were then washed with PBS and incubated for 72 h at 37°C in FCS-free DMEM. For release into the cell cycle, cells were washed with PBS, detached by trypsin incubation, counted and resuspended in DMEM containing 10 % FCS at 1.5 × 10^6^ cells per 10 cm dish for each time point.

For cell synchronization at G1/S transition, passage 8--10 HeLa cells were seeded in 6-well plates, treated with 2 mM thymidine for 18 h, washed twice with PBS, and grown in fresh medium without thymidine. After 9 h, the cells were treated again with 2 mM thymidine for 17 h. Synchronized cells were released by washing twice with PBS and addition of fresh medium.

Cell cycle distribution was determined by flow cytometry analysis of nuclear DNA content (FACS Aria flow cytometer, BD Biosciences). Cells cultured on dishes were trypsinized, washed twice with PBS and fixed in 70 % cold ethanol. The fixed cells were incubated with RNase for 10 minutes to digest RNA, and stained with propidium iodide (cycleTEST PLUS DNA Reagent Kit, BD Biosciences, <http://www.bdbiosciences.com/dna-reagent-kit/p/340242>).

RNA interference and overexpression {#s0004-0003}
-----------------------------------

For Kv10.1 knockdown experiments in HeLa cells, a validated Kv10.1 siRNA sequence TACAGCCATCTTGGTCCCTTA (Quiagen)[@cit0011] and the non-targeting siRNA control sequence (Ambion, <https://www.thermofisher.com/catalog/product/AM4635>) were transfected at 30 nM final concentration using Lipofectamine RNAiMAX (Invitrogen) following the indications of the manufacturer. For E2F1 and HPV E7 overexpression, DNA plasmids 408 pSG5L HA E2F1 Addgene p10736 <https://www.addgene.org/Plasmid10736/>,[@cit0055] p1324 HPV-16 E7 Addgene p8643 <https://www.addgene.org/Plasmid8643/> [@cit0056] and pGL3 5′UTR-*KCNH1*[@cit0016] were transfected (1 µg DNA/200.000 cells) using Lipofectamine 2000 (Invitrogen).

Site-directed mutagenesis and dual luciferase assay {#s0004-0004}
---------------------------------------------------

Mutations on the E2F1 binding site of the Kv10.1 promoter were generated using QuikChange II Site- Directed Mutagenesis Kit (Agilent Technologies) following the manufacturer\'s instructions. Primers used to create mutations on the E2F1 binding sequence on Kv10.1 promoter were 5′-CGCAGGGAGGGAGGATCGTCGAGGGCGCGAGGGT and 5′-ACCCTCGCGCCCTCGACGATCCTCCCTCCCTGCG.

HeLa cells were synchronized at the G1/S transition by thymidine block, washed twice to remove thymidine excess, and at the desired time points cells were co-transfected using Lipofectamine 2000 (Invitrogen) with the *Firefly* and *Renilla* (pRL-CMV (Promega) luciferase reporter plasmids. Twenty-four h after transfection cells were harvested and activities of *Firefly* and Renilla luciferases were analyzed using the DualGlo luciferase kit (Promega) following the manufacturer\'s instructions.

Chromatin Immunoprecipitation {#s0004-0005}
-----------------------------

HeLa cells were grown on 15 cm^2^ dishes and synchronized by double thymidine block as described. At the desired time points, cells were cross-linked in 1 % formaldehyde solution (Sigma) at room temperature for 10 minutes, and the reaction was quenched with 125 mM glycine. Cell lysis was performed in 150 mM NaCl, 20 mM EDTA pH 8, 50 mM Tris pH 8, 0.5 % Nonidet P-40 (NP-40), 1 % Triton X-100 and complete protease inhibitor cocktail (Roche). The cell lysate was centrifuged at 12000 x*g* for 2 minutes at 4°C, and the resulting nuclear pellet was resuspended in 300 µL of 50 mM Tris pH 8, 10 mM EDTA, 1 % SDS and protease inhibitors, incubated at 4°C for 15 minutes with constant rotation, and sonicated (Biorupter Plus, Diagenode; 30 cycles at 30 seconds ON/OFF at high power). The sheared chromatin was diluted by adding 900 µL of 150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 50 mM Tris-HCl pH 8, 20 mM EDTA and protease inhibitors. Twenty µg of chromatin was pre-cleared with 20 µL of ChIP-Grade Protein G Magnetic Beads (Cell Signaling Technology) for 1 hour with constant rotation at 4°C. For the input sample, 10 % of the supernatant was removed, transferred to a new tube and stored at −20°C until further use. For immunoprecipitation, pre-cleared chromatin was incubated with 10 µg of anti-E2F1 rabbit antibody (Cell Signaling Technology <http://www.cellsignal.com/antibody/3742>) at 4°C with constant rotation overnight. Ten µg Normal Rabbit IgG (Cell Signaling Technology <http://www.cellsignal.com/rabbit-igg/2729>) were added to negative control samples.

Immunocomplexes were isolated using 30 µL of ChIP- Grade Protein G Magnetic Beads (Cell Signaling Technology <http://www.cellsignal.com/products//9006>) at 4°C for 2 h with constant rotation. The resulting pellet was resuspended in 150 µL of elution buffer (5 Mm Tris/HCl, pH 8.5), and incubated for 30 minutes at 65°C with gentle vortexing to elute chromatin from antibody/Protein G Magnetic Beads. All samples (including the input) were incubated with 0.1 µg/µL RNAse A (Sigma; 45 min at 37°C). Cross-links were reversed by 2 h incubation at 65°C in 200 mM NaCl and 0.2 µg/ µL of Proteinase K (Ambion, Life technologies). DNA purification was performed using DNA spin columns (Cell Signaling Technology 11137S), and DNA was eluted in 60 µL of elution buffer. The samples were then ready to be amplified by qRT-PCR.

Quantitative real time PCR {#s0004-0006}
--------------------------

Quantitative PCR was performed using SYBR Green PCR master mix (Roche). Primers flanking the E2F1 site of the Kv10.1 and Cyclin A2[@cit0057] promoters were: hKv10.1-Fw 5′-CGAGGGTAGCAGCCAGA and hKv10.1-Rv 5′-CTGGCGCGGCTTCTTAC, and hCyclin A2-Fw 5′-CTGCTCAGTTTCCTTTGGTTTACC and hCyclin A2-Rv 5′-CAAAGACGCCCAGAGATGCAG. GAPDH was used as a control non-E2F1 regulated gene, hGAPDH-Fw- 5′-CCGGGAGAAGCTGAGTCATG and hGAPDH-Rv 5′- TTTGCGGTGGAAATGTCCTT.[@cit0058] Amplification was carried out in a LightCycler 480 (Roche Applied Science) detection system for 29 cycles at 95°C for 30 s, 40 s at 72°C, followed by a final 5 minutes extension at 72°C. Quantification was done using the ΔΔCt method,[@cit0059] using GAPDH for normalization and immunoprecipitation with non-specific IgG as negative control.

Immunoblotting {#s0004-0007}
--------------

Cells were collected, washed in PBS and lysed on ice for 30 min in 1 % Triton X- 100, 50 mM Tris-HCl, 300 mM NaCl, 5 mM EDTA and protease inhibitors. Lysates were cleared by centrifugation for 15 min at 16000 x*g* at 4°C. 700 µg of total protein precleared for 1 hour at 4°C with protein G Magnetic Beads (New England BioLabs <https://www.neb.com/products/s1430s>) were incubated for 1 hour with 3µg anti-Kv10.1 monoclonal antibody (Kv10.1--33.mAb; 4°C), and the complexes were pulled down by incubation with 30 µL protein G magnetic beads for 1 hour.

SDS--PAGE was performed using 3--8 % or 4--12 % polyacrylamide gels (Thermo Fisher Scientific). Bands were blotted on nitrocellulose membrane (GE Healthcare), and the membrane was probed with the primary antibodies (listed in Supplementary Tables), followed by incubation with their respective HRP-conjugated secondary antibodies (GE Healthcare). Washes were performed in TBS (20 mM Tris, 150 mM NaCl) containing 0.05 % Tween (TBS-T). The signal was detected as chemiluminescence (Millipore).

Immunostaining {#s0004-0008}
--------------

For immunocytochemistry, cells were plated on poly-L-lysine-coated coverslips (Menzel), fixed using 10 % formalin solution (Sigma) at 4°C for 10 minutes, washed 3 times with PBS, and permeabilized with 0.5 % Triton X-100 (Sigma) in PBS for 5 minutes. Cells were washed 3 times with PBS containing 0.05 % Tween 20 (Sigma), blocked with 10 % BSA (Sigma) in PBS-T for 1 hour, and incubated with primary antibodies mouse anti- Kv10.1 (1:1000,[@cit0010] and rabbit anti-Cyclin B1 (1:100; Cell Signaling <http://www.cellsignal.com/antibody/4138>) overnight at 4°C. Secondary antibody Alexa Fluor 488 anti-rabbit (1:1000; Thermofisher <https://www.thermofisher.com/Secondary-Antibody-Polyclonal/A-11008>) and Alexa Fluor 546 anti-mouse (1:1000; Thermofisher <https://www.thermofisher.com/Secondary-Antibody-Polyclonal/A-11003>) incubation was performed at room temperature for 1 h. Nuclei were counter- stained with 1:1000 dilution of TO-PRO-3 (Invitrogen) in PBS-T.

For immunohistochemistry, tissue sections were deparaffined in xylene and rehydrated by ethanol series (100, 90, 70, and 0 %) for 5 minutes each step. Afterwards, the tissue sections were incubated for 30 minutes at 90°C in 10 mM citrate buffer for antigen retrieval. Then, the sections were allowed to cool down for 1 h at room temperature, and washed with TBST. Blocking was performed using 10 % BSA (Sigma) in TBST. The tissue sections were incubated overnight at 4°C with primary antibodies mouse anti-Kv10.1 dilution 1:100,[@cit0010] and rabbit anti-Cyclin B1 (1:200; Acris <https://www.acris-antibodies.com/cyclin-b1-ta590439.htm>). Secondary antibodies were Alexa Fluor 488 anti-rabbit (1:1000; Thermofisher <https://www.thermofisher.com/Secondary-Antibody-Polyclonal/A-11008>) and Alexa Fluor 546 anti-mouse (1:1000; Thermofisher <https://www.thermofisher.com/Secondary-Antibody-Polyclonal/A-11003>) (1 hour at RT). Confocal images were taken using a LSM 510 Meta laser scanning confocal microscope (Zeiss), ZEN (Zeiss) software was used for image acquisition, and imaging processing was done using the image analysis software FIJI (Schindelin 2008).

Statistical analysis {#s0004-0009}
--------------------

All experiments were performed at least 3 times. Comparison between treatments at different time points were performed using 2-way ANOVA. Data are represented by mean values and SEM.
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